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Abstract. 
Peptide Nucleic Acids (PNAs) are non-natural DNA/RNA analogues with favourable physico-
chemical properties and promising applications. Discovered nearly 20 years ago, PNAs have recently 
re-gained quite a lot of attention. In this perspective article, we discuss the latest advances on the 
preparation and utilisation of PNA monomers and oligomers containing metal complexes. These metal- 
conjugates have found applications in various research fields such as in the sequence-specific detection 
of nucleic acids, in the hydrolysis of nucleic acids and peptides, as radioactive probes or as modulators 
of PNA•DNA hybrid stability. 
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Introduction. 
Peptide nucleic acids (PNAs) are non-natural nucleic acid analogues.1, 2 Their neutral pseudopeptide 
backbone is made of N-(2-aminoethyl)glycine units which are ligated via a methylene carbonyl to the 
four nucleobases (Figure 1).1 Single-stranded (ss) PNAs bind to complementary ssDNA,1, 3 RNA3 or 
PNA4 sequences obeying the Watson-Crick base-pairing rules. Hybridisation may occur in a parallel, or 
more favourably, in an antiparallel fashion. In this case, the N-terminus of the PNA faces the 3’- end of 
the nucleic acid oligomer.5 In comparison to double-stranded DNA (dsDNA), corresponding PNA•DNA 
hybrids are thermally more stable due to the absence of electrostatic repulsion between the strands. 
Moreover, PNA is much more mismatch sensitive than DNA, enabling sensitive and selective mismatch 
discrimination. All these favourable features have allowed PNAs to be applied to various research areas 
such as antisense6-8 and antigene9-11 therapies (see Figure 2 for a schematic representation), biosensing12 
and in the high-throughput screening of enzymes using a PNA library.13 
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Figure 1. Structure comparison between DNA and PNA. 
 6
 
Figure 2. Schematic representation of the antisense and antigene strategies. 
 
In order to modify the intrinsic properties of PNAs or in order to add new functionalities and/or 
spectroscopic properties to PNA oligomers, metal complexes have been synthetically attached to these 
non-natural DNA analogues.14-16 In this perspective article, we are reporting on the recent advances in 
both the preparation and use of metal-containing PNAs. In particular, we are dealing only with PNA 
bioconjugates with covalently bound metal complexes. 
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Metal-containing PNAs for biosensing purposes. 
The detection of specific DNA sequences on the basis of hybridization is realisable rapidly and 
economically by DNA biosensors. DNA biosensors probe and/or detect the hybridization event, which 
is then transduced, for example, into an electrochemical17-22 or optical23-26 signal (Figure 3). In principle, 
an analytical sample, which contains, amongst others, the DNA sequence-of-interest (the target), is 
deposited onto the recognition layer of a transducer. The recognition layer is composed of an 
immobilized single-stranded nucleic acid (analogue) strand, which is the capture probe for the 
complementary target sequence.  
PNA
 
Figure 3. Scheme of a biosensor. Figure reproduced with permission of the publisher from ref.27  
 
Due to the favourable hybridisation properties of PNAs (higher thermal duplex stability and mismatch 
discrimination), DNA biosensors with PNA recognition layers have been developed.28 PNA-derived 
biosensors are able to distinguish closely related sequences under less restrictive reaction conditions 
than for DNA. Notably, higher temperatures, solutions with low ionic strength and shorter sequences 
can be employed.29, 30 Electrochemical DNA detection is facilitated by redox-active probes, which are 
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introduced into the PNA recognition layer as free-diffusing redox mediator,31 redox-active intercalators 
or minor-groove binders28, 32-35 or as covalently bound redox labels.36-39 Label-free PNA-based 
biosensors were, in general, exploited using electrochemical impedance spectroscopy,31, 40, 41   Scanning 
Electrochemical Microscope (SECM),42 reflection absorption infrared spectroscopy (RAIRS) or X-ray 
photoelectron spectroscopy (XPS) as detection techniques.43, 44  
The covalent insertion of metals into the PNA capture probe seems an interesting alternative to avoid 
the addition of indicators. The main advantages of such an alternative are the distinct and permanent 
label-strand bonding and the certainty about the location and the strand bonding of the probe. For this 
purpose, redox-active moieties, namely ferrocene carboxylic acid and ruthenium complexes, were first 
conjugated on the N-terminus of thymine PNA monomers and PNA oligomers by Metzler-Nolte et al.45-
47 For potential insertion of organometallic moieties within the PNA sequence, Hudson et al. used 
solution-phase and solid-phase Sonogashira coupling to modify uracil-PNA monomers with ferrocene 
alkynes.48 Chromiumtricarbonyl thymine PNA monomers as well as PNA dimers were synthesised by 
Baldoli and Maiorana via the Ugi reaction.49, 50 The same authors have also reported a PNA monomer 
labeled with Fischer-type carbene complexes,51 as well as an 8-mer PNA oligomer, which contains a 
Fischer-type carbene complex of tungsten.52 For better sensitivity, thymine PNA monomers with 
multiple, e.g. three, and electrochemically equivalent ferrocene moieties were synthesised.53 
Nevertheless, to the best of our knowledge, no successful insertion of these modified monomers into 
PNA oligomers were reported so far. Gasser, Spiccia and coworkers reported the synthesis of ferrocenyl 
uracil PNA monomers.54, 55 In a new synthetic strategy, an alkyne-containing PNA monomer was 
synthesised as a building block for subsequent metal derivatisation by the copper(I)-catalysed Huisgen 
1,3-dipolar cycloaddition reaction of azides and terminal alkynes (Cu-AAC). This reaction is the best 
known out of the class of reactions named under the general term, “click chemistry”.56 Cu-AAC takes 
place under mild reaction conditions, with high yields and its products, namely, 1,4-disubstituted 1,2,3-
triazole derivatives, are stable. Furthermore, the Cu-AAC is consistent with solid phase synthesis 
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protocols, which means that the insertion of metal moieties is realizable on the solid phase.57 Therefore, 
the alkyne-substituted PNA monomer (1, Figure 4) was synthesised as a building block and could be 
inserted into a PNA sequence at any desired position by solid phase peptide synthesis (SPPS).57 In 1, the 
nucleobase is completely replaced by the alkyne moiety while the PNA backbone remains. The “click” 
reaction with azido-ferrocene was carried out on the solid phase to give the “clicked” ferrocenyl-PNA 
conjugate. 
 
 
 
 
 
 
Figure 4. Modified PNA monomer 1 (left) and 2 (right). 
In a further step, various ferrocene “clicked” PNA oligomers were reported and their electrochemical 
properties were analyzed.58 The application of different ferrocenyl starting materials resulted in a library 
of ferrocenyl PNA oligomers with different electrochemical potentials using the same chemistry 
(Figure 5).58 
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Figure 5. Overlay of differential pulse voltammograms of Fc conjugates of PNA trimers (structures of 
the Fc-PNAs on the right inside of the figure). The marked signal (*) at 0.0V indicates internal 
ferrocene as the standard. Adapted from reference.58 
 
Recently, a dual-potential Fc-PNA biosensor was reported, which is able to identify two different DNA 
target sequences on one biosensor surface in one square wave voltammetry (SWV) experiment.59 This 
biosensor discriminates not only single-nucleotide polymorphism (SNP) sequences but is also 
compatible with biological samples, which is promising for real-life applications. 
Nucleobases in PNA monomers were also replaced by redox-active Ru(II) complexes with various 
linkers in view of direct and specific insertion of these modified monomers in PNA sequences.60 The 
preparation of hetero-bi-metallic thymine PNA monomers was reported using chemically selective 
reactions at two different sites of the monomer, i.e. ferrocene at the N- and a 
bis(triphenylphosphine)platinum(0) group at the C-terminus (3, Figure 6).61 Recently, a hetero-tri-
organometallic PNA monomer with a cymantrene moiety at the N-terminus, a Re-tricarbonyl moiety at 
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the C-terminus and a “clicked” ferrocene replacing the nucleobase (4, Figure 6) was described for 
combined multiple application in electrochemical, spectroscopic and bio-imaging field.62  
O
N
H
N
O
NH
T
O
3
Fe Pt
H3PP PPH3
H
O
N
H
N
O
N
H
O
N
NN
4
N
N
N
Re+
CO
CO
CO
Fe
O
Mn
COOC
OC
 
Figure 6. hetero-bi-metallic thymine PNA monomer 3 (top) and hetero-tri-organometallic conjugate 4 
(bottom). 
In view of fluorescence imaging, Licandro, Maiorana and co-workers recently reported the insertion of 
fluorescent di-rhenium organometallics, namely [Re2(CO)6(µ-Cl)2(µ-4-COOH-pyridazine)] and 
[Re2(CO)6(µ-Cl)2(µ-4-(CH2)3COOH-pyridazine)], to the amino-terminus of a PNA momomer and PNA 
decamers. In cellular imaging experiments, they determined that one of their Re-PNA bioconjugates 
could stain both the cytoplasm and the nucleus of HEK-293 cells.63 
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Metal-containing PNAs as artificial nucleases. 
The idea of constructing artificial nucleases working as restriction endonucleases or ribonucleases is 
very appealing.64 Indeed, the sequence specific cleavage of DNA or RNA using designed synthetic 
molecules would be an amazing tool in biochemistry, molecular biology or even as therapeutics.65, 66 
One could imagine, for example, that a specific mRNA could be cleaved and thus suppress the 
formation of a harmful protein. Furthermore, contrary to restriction endonucleases, which recognise 
only short oligonucleotide sequences and hence produce many fragments upon cleavage of genomic 
DNA,67 artificial nucleases could potentially cleave any DNA/RNA sequences “upon request”. 
Artificial nucleases generally incorporate a nucleic acid sequence recognition domain and a 
functionality, which mediates phosphate diester cleavage (see Figure 7).65 For the recognition unit, 
PNAs are obviously ideal candidates due to the high stability of the PNA•DNA or PNA•RNA duplexes 
and their resistance to nucleases. It is therefore not surprising that PNAs have been employed for such 
purposes. These artificial nucleases have been recently described as peptide nucleic acid based artificial 
nucleases (PNAzymes).66 For the “cleaving unit”, a metal moiety is usually required although purely 
organic alternative agents have been used such as neamine or diethylenetriamine.68-71 Indeed, the 
cleavage with artificial metallo-nucleases is following either an oxidative or a hydrolytic mechanism. 67, 
72-74 The former is observed with redox-active metal complexes while the latter one is based on the 
Lewis-acidity of metal ions. At this point, we emphasise that we will cover only work in which PNAs 
are covalently linked to a metal complex and act as a recognition fragment for a complementary DNA 
or RNA sequence. Other interesting approaches by Matsudaira, Komiyama et al., in which the use of a 
mixture of PNA and metal complex to rapidly, site-selectively hydrolyse double-stranded DNA, is not 
included in this perspective.75, 76 In their work, the PNA acts as a “strand invader” and “protecting 
group” rather than as a “recognition unit”. 
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Figure 7. Schematic representation of an artificial nuclease containing a PNA sequence.  
 
To the best of our knowledge, only Nielsen, Meunier and co-workers described the use of metallo-
PNA for oxidative DNA cleavage. They prepared a cationic manganese porphyrin-PNA conjugate 
which was used to cleave a double-stranded DNA (dsDNA) (5, Figure 8).77 More specifically, upon 
oxidative activation of 5 with potassium monopersulfate to form a manganese-oxo derivative, the 
sequence specific, 3’-staggered cleavage of both DNA strands near the strand displacement junction of a 
247-base pair restriction DNA fragment containg a 10-base pair homopurine binding target for the PNA 
was observed (estimated yields were 5-10 % at room temperature).77 Interestingly, using an 
electrophoretic mobility shift assay, 5 was found to bind over 100-fold more strongly to the dsDNA 
compared to the native PNA. This observation was ascribed to the high affinity of the metalloporphyrin 
moiety for the minor groove of dsDNA, thus increasing the local concentration of the PNA moiety close 
to the DNA helix and therefore the probability of duplex invasion.  
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Figure 8. Structure of the metalloporphyrin part of the PNA conjugate (5). 
 
A serious drawback of the oxidative cleavage is the generation of products with unnatural termini, 
whereas the cleaving products of hydrolytical nucleases can be further processed by enzymes.72, 73 
Therefore, the hydrolytic cleavage of linear DNA67 and RNA65, 66, 78 using PNAzymes is generally 
preferred. Although most of the examples concern the cleavage of RNA, which is known to be more 
susceptible to hydrolysis than DNA,74 Zelder, Mokhir and Krämer demonstrated that the sequence-
specific DNA strand cleavage was possible.67 They attached a series of ligands to the N-terminus of 
PNA oligomers and then investigated the cleavage of a DNA strand complementary to their PNA upon 
addition of Zr(IV) (see Figure 9).67 They found that the activity was strongly dependent on the nature of 
the chelating ligand and that tris(hydroxymethyl)aminoethane (TRIS) was the most efficient ligand 
when 10 equivalents of Zr(IV) was added (76 ± 19% DNA cleavage after 164 h at 22°C). The DNA 
phosphodiester groups, which were in close proximity to the terminal PNA modification, were 
predominantly cleaved. Furthermore, it was shown that the cleavage products were substrates of 
terminal transferase. However, significant non-selective background cleavage by excess free Zr(IV) was 
observed in single stranded DNA (ssDNA) whereas the DNA seemed to be protected in the PNA•DNA 
duplex. This observation highlights the need for chelating ligands which form stronger complexes with 
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Zr(IV) without loss of phosphodiesterase activity.67 However, such improvements using Zr(IV) 
complexes seems difficult due to the complicated Zr(IV) chemistry in aqueous conditions. Alternatives 
using different metal ions are therefore desirable. 
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Figure 9. Proposed model for hydrolytic DNA scission by a PNA-Zr(IV) conjugate. Adapted from 
reference.67 
 
Balasubramanian et al. reported the preparation of a neocuprine-PNA monomer (6) and its subsequent 
insertion within PNA oligomers.65 They positioned 6 either at the N-terminus (PN1) or in the middle of a 
PNA oligomer (PM1), then added to the two PNAs a complementary 21-mer RNA strand (nucleotides 41 
to 61 of the human telomerase – hTR21) to form a PNA•RNA hybrid before adding 2 equivalents of 
Zn(OAc)2. They observed a site-specific RNA cleavage by both PM1 and PN1 with a cleavage efficiency 
of 12 ± 2 % and 30 ± 2 %, respectively, after 24h incubation at 37°C. When the authors extended their 
study to a 647-mer (instead of the 21-mer), they observed the same efficiency for PM1, within 
experimental error, as for the short model oligonucleotide target hTR21. An efficiency reduction, 
however, was observed for PN1.  
As RNA bulges are more predisposed to cleavage than duplexed RNA,79 Strömberg et al. designed 
PNAzymes to create bulges in the targeted RNA. Thus, they described the preparation of PNA 
conjugates containing 2,9-diamino-1,10-phenantroline78 or 2.9-dimethylphenantroline (neocuproine)66 
derivatives (see Figure 10 for examples of PNA oligomers 7 and 8). As in Balasubramanian’s 
constructs, they inserted the phenantroline derivatives at the N-terminus (PN2) or at the centre (PM2) of 
their PNA sequences. In their first study, involving the use of 2,9-diamino-1,10-phenantroline 
derivatives,78 the results of their cleavage studies involving the addition of 25 equivalents of Zn(NO3)2 
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were unanticipated (half-lifes between  43 to 140 hours at 37°C). Indeed, the oligomer with the highest 
cleavage efficiency and the highest selectivity was found to be a PNA oligomer used as control 
experiment – a PNA without a 2,9-diamino-1,10-phenantroline derivative. In their next report, involving 
the cleavage of a RNA strand which was a short model of the leukemia related bcr/abl mRNA, they 
showed that PNAzymes such as 8 could cleave the targeted RNA with a half-life as low as 11h (at 37°C 
using 25 equivalents of Zn2+). As expected, the scission only took place within the formed bulge with a 
rate constant up to 17.6 ± 0.6 s-1 for the fastest system. The most interesting result was that their PNA-
based systems could act in a catalytic fashion with turnover of substrate – the first reported PNA-based 
artificial RNA-cleaving unit.66 Very recently, the same authors reported a similar Cu(II) based system 
(instead of Zn(II)), in which the cleavage takes place at virtually only one site and with a half-life of 
down to 30 minutes under stoichiometrically-controlled conditions.80 In this study, a true enzymatic 
behaviour was demonstrated when an efficient turnover of RNA substrate was shown with a 100-fold 
excess of substrate.80 
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Figure 10. Structures of PNA monomer 6 and of phenantroline-containing PNA- oligomers 7 and 8. 
 
Another interesting approach has been introduced by Panyutin et al.,81 who reported the sequence-
specific DNA strand cleavage by incorporation of the Auger electron-emitting radionuclide 111In into 
PNA oligomers. More specifically, they conjugated diethylene triamine pentaacetic acid (DTPA) to 
PNA oligomers before chelating them with 111In3+ in acidic aqueous solutions. Targeting of ssDNA to 
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these PNA-DTPA-[111In] yielded highly localized DNA strand cleavage. However, the overall yield of 
breaks in the PNA-targeted DNA was low (5-7% after 10-14 days). 
Although very attractive on paper, obtaining high catalytic efficiency and specificity is very 
challenging and the artificial nuclease systems reported to date have been generally too slow for the 
efficient suppression of gene expression. Nonetheless, these examples provide a good starting point for 
the development of potential therapeutic agents and the recent finding by Strömberg et al. could at least 
serve as a basis for construction of RNA restriction enzymes for in vitro manipulations.80 
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Metal-containing PNAs as artificial proteases. 
Target-selective artificial proteases are synthetic catalysts that catalyse the hydrolysis of peptide 
bonds of the target oligopeptides or proteins selectively.82-84 Such systems are of high medical interest. 
If the substrate of a target-selective artificial protease is a disease-related oligopeptide or protein, then 
the artificial protease can eliminate the activity of the substrate by acting as a peptide-cleaving catalytic 
drug. Several metal complexes such as Cu(II) and Co(III) cyclen complexes showing proteolytic activity 
have been reported.82, 85, 86 However, they all lacked selectivity – any proteins could be cleaved. To 
overcome this problem, it has been envisioned to connect such metal complexes to a binding site that 
recognizes the target protein. Importantly, to suppress cleavage of non-target proteins, the catalytic 
centre should have very low protein-cleaving activity when not bound to the binding site.87 With this in 
mind, Suh et al. have embarked on a project to construct a combinatorial library of Cu(II) or Co(III) 
complexes of 1,4,7,10-tetraazacyclododecane (cyclen) derivatives containing analogues of PNA.87, 88 
Indeed, since organic functional groups of some proteins are exploited in recognition of nucleobases of 
nucleic acids, nucleobases of PNAs may be conversely used in the recognition of proteins.87 In other 
words, the PNA was employed as the potential binding site by protein recognition of derivatives of 
purine. It must be noted that modified nucleobases termed A* and T* were used instead of A and T. A* 
and T* recognize T and A respectively, but A* and T* do not recognize each other (See Figure 11a for a 
schematic of the base pairing and Figure 11b for the structure of the combinatorial library of cyclen 
derivatives containing PNA oligomers).89 Base pairing among PNA mixtures present in the library can 
thus be suppressed by using A* and T*. 
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Figure 11. a) Schematic drawing of A-T, A*-T, A*-T* and A-T* base pairs showing how A* can 
form an extra hydrogen bond with thymine, whereas steric clash occurs between A* and T*; b) 
Structure of the combinatorial library of cyclen derivatives containing PNA oligomers. 
 
Upon complexation of cyclen-containing 7- or 8-mer PNA oligomers with Cu(II), Shu et al. found no 
evidence for cleavage of proteins such as bovine serum albumin, -globulin, elongation factor P, 
gelatine A, gelatine B and horse heart myoglobin (Mb) at 37°C and pH 7.87, 88 However, 9-mer PNAs 
clearly showed activity for the cleavage of Mb. They also established that the PNA sequence Cyclen-
A*-A*-T*-T*-C-G-A*-A*-C-Lys-NH2 (PNA1) was the best ligand for this particular protein. They also 
investigated whether other metal ions complexed to PNA1 can cleave Mb and found that Co(III) 
displayed the highest protein-cleaving activity. It is noteworthy that Co(III) complexes may be more 
suitable for medical uses compared to Cu(II) complexes since metal transfer to metal-chelating groups 
in living organisms should be substantially slower for the Co(III) complexes.88 Interestingly, kinetic 
data revealed catalytic turnover of the Mb cleavage by Cu(II) and Co(III) complexes – up to 2.5 or 6 
molecules of Mb were cleaved by each molecule of Cu(II)-PNA1 and Co(III)-PNA1, respectively.87 
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These findings are very promising and show that a library of PNAs can be used not only to recognise 
specific DNA or RNA strands but also to selectively bind a target protein. 
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Increase of PNA cellular uptake using metal complexes.  
One of the most important drawbacks in the development of PNAs as potential therapeutic agents is 
their poor cellular uptake. Hence, for in vitro applications of PNAs for antisense and antigene therapies 
(see Figure 2), it is required that PNAs enter into cells and that they are properly distributed 
intracellularly. More specifically, more than one barrier has to be crossed: the plasma membrane of the 
cell and other intracellular membranes (endosomes, mitochondria, nucleus, etc.). Delivery methods, 
which are well established for DNA or RNA transfection across cell membranes (electroporation, use of 
transfection agents, etc.), are not suitable in the same way for the uncharged or weakly cationic PNA 
oligomers. 
The conjugation of cell-penetrating peptides (CPPs) to PNA is a developing strategy with promising 
results. CPPs are short, cationic and amphipathic peptides, which are able to translocate rapidly into 
mammalian cells. They have already been used to transport peptides, proteins, oligonucleotides and, 
more recently, PNAs into cells. Up to now, numerous studies were undertaken not only with the aim to 
get more insight into the transport mechanisms of CPP-PNA conjugates but also for improved 
understanding of the nature of CPPs that can be employed.90-93 The conjugation to CPPs was found to 
efficiently improve cell penetration of PNAs. However, the cellular uptake was usually dominated by an 
endosomal pathway with poor endosomal escape. The PNA conjugates were trapped in endosomes and 
were not able to distribute evenly into the cytoplasm or to be transported into the nucleus. New 
strategies for bioavailability such as conjugation to lipid domains94 or oligophosphonates95 were 
developed. Another novel and versatile idea is the use of metal complexes to increase cellular uptake. 
Metal complexes were not only employed to enhance cell penetration and to improve endosomal escape, 
but also to complete or even replace fluorescent markers for more comprehensive studies. Modification 
of PNA oligomers with terpyridine (tby) (Fig.12, left)  led to cellular and nuclear uptake of conjugates, 
which was further enhanced by coordination of Zn(II). Intracellular distribution was shown to be similar 
in conjugates with different fluorescence agents and also not affected by the addition of zinc. 
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Interestingly, since zinc is highly tissue-specific, its addition enables stimulus-controlled cell 
penetration and might lead to an increased uptake of the PNAs in zinc-rich tissues.96 
Metzler-Nolte et al. synthesised cobaltocenium conjugates of a NLS (nuclear localization signal) 
peptide, which are taken up by endocytosis, released efficiently into the cytoplasma and accumulate in 
the nucleus.97 Building on this concept, thymine PNA monomers were modified with 
dicobalthexacarbonyl derivatives and the preparation of cobalt-containing PNA oligomers is now in 
progress.98  
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Figure 12. left: tby-modified PNA bioconjugates with C-terminal fluorophore FI. Right: Cobalt-
containing PNA-NLS bioconjugate. 
 
 The presence of a [Co(bpa)]2+ derivative into the PNA-NLS bioconjugate (Figure 12, right, bpa: bis-
picolylamine) avoids the insertion of a fluorophore.99 Cobalt is indeed detectable by AAS (atomic 
absorption spectroscopy), whose background noise in cells is low. Moreover, in contrast to fluorescence 
microscopy, AAS is a more direct and sensitive detection method, which makes absolute quantification 
of cellular uptake straight forward. In addition, as fluoroscent dyes are known to have a major impact on 
the cellular distribution of conjugates,100 the incorporation of a metal complex instead of a fluorescent 
dye was therefore theorised to solve this problem. Nevertheless, AAS requires the lysis of the cells and 
compartments, which means that monitoring is not possible in real-time. However, this study showed 
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that NLS conjugates containing a metal complex exhibited an enhanced cellular uptake in contrast to 
metal-free NLS conjugates. This observation is also true for cobaltocenium-NLS conjugates.97 It 
appears that the metal complex improves the properties of the NLS peptide. It facilitates cellular uptake 
and once within the cytoplasm of the cell, NLS guides the bioconjugate into the nucleus. This was also 
confirmed in studies with ferrocene and cobaltocene bioconjugates of a NLS peptide.101 Furthermore, 
cellular uptake, endosomal escape and nuclear localisation are not influenced by the charge of the 
organometallic moiety and no cytotoxic oxidation of the ferrocene takes place within the cells. 
PNA-CPP and cholesterol-PNA conjugates with Gd-DOTA were synthesised for magnetic-resonance 
imaging (MRI).102-104 Here, the focus was put on the synthesis of non-toxic, cell-internalizing and 
contrast-enhancing MR agents as well as mRNA targeting, rather than on the influence of the metal 
complex on the cellular uptake efficiency and intracellular distribution. In conclusion, the application of 
metal complexes for increased cellular uptake is in its infancy but the initial findings recently reported 
(see above) are extremely promising.   
 24
Metal-containing PNAs as radioactive probes.  
Due to their attractive properties, notably their resistance towards nuclease and protease degradation 
and high selectivity towards DNA/RNA recognition, PNAs have logically found applications in nuclear 
medicine and biology, where they were used as components for designing radioactive probes.105-139 In 
these studies, a PNA oligomer was coupled to a radioactive moiety. In the majority of the cases, a 
radiometal complex was used although, for example, radioiodine or radiofluorine were also employed in 
a few studies. In such constructs, the role of the PNA is usually to direct the bioconjugate to a specific 
messenger RNA (mRNA), which is unique or uniquely over-expressed mRNA in a diseased cell. The 
function of the radioactive metal complex is to allow imaging to possibly provide information on 
cellular gene expression patterns and detect molecular changes at relatively early stages.108, 140 In the 
majority of these reports, the radiolabelled PNAs were linked to a peptide, as shown schematically in 
Figure 13. The role of the peptide is to act as a specific cellular receptor and/or as a cellular uptake 
enhancer. It must be warned, however, that the attachment of peptides can lead to a high amassment of 
radioactivity in the kidney, as previously observed by Mier et al.138 Alternatively or additionally, 
specific receptors such as antibodies can be appended to the PNA oligomers in order to target specific 
(e.g. cancer) cells. 
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Figure 13. Schematic representation of a radiolabeled PNA. 
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In order to get more insight into the pharmacokinetic properties of PNAs, a number of in vivo 
biodistribution and hybridization studies of radiolabeled PNAs have been performed.109, 112-115, 117, 119-128, 
131, 134, 136-139, 141, 142 99mTc has been the most commonly used radioisotope, probably due its ideal radio 
nuclear properties and the convenient availability from a commercial generator.143-146 However, other 
radio-metals such as 64Cu or 111In have also been employed. Of interest for in vivo pharmacokinetics, 
our groups recently reported the biodistribution studies of a 12-mer PNA bioconjugate labeled with a 
tricarbonyl 99mTc complex in Wistar rats.137 These investigations showed a fast blood clearance and only 
a modest accumulation in the kidneys.137 Similar results were found when a mouse model (NMRI 
nu/nu) was used.137 
An interesting alternative approach for the use of radioactive PNA probes for therapeutic purposes 
deserves to be mentioned in this perspective. In the so-called “pretargeting using PNA” developed by 
Hnatowich et al.,120, 127, 128 a single-stranded PNA bound to a protein/antibody – which binds, for 
example, specifically to receptors over-expressed in cancer cells - is administered first into an animal or 
human, followed by admission of the complementary single-stranded radiolabeled PNA. This technique 
provides sufficient time for the protein-PNA conjugate to find its target and, for the excess of the 
construct, to be cleared from circulation and other tissues.120 Nonetheless, there have been, to the best of 
our knowledge, no other reports since the three papers of Hnatowich and co-workers despite the huge 
potential and fascinating perspectives of this concept. 
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Modulation of PNA•DNA hybrid stability using metal complexes 
The idea to combine the hybridisation properties of PNAs with the coordination properties of a 
transition metal ion is very appealing. Indeed, this combination could lead to an increase in the thermal 
stability of PNA•DNA/RNA/PNA hybrids or in the construction of metal-containing nanostructures. 
The potential applications of these nanostructures are either to expand the genetic code by storing and 
reading information into a sequence of metal complexes or to create supermolecules with specific 
magnetic or electronic properties.147 With this in mind, Achim and co-workers have inserted up to three 
consecutive 8-hydroxyquinoline- (11, Figure 14) or bipyridine (bipy)-modified (12, Figure 14) PNA 
monomers into PNA oligomers.147-150 They then examined in detail the interaction of these oligomers 
with different metal ions and also the stability of duplexes formed from them. In the case of 12, 
variable-temperature UV spectroscopy showed that duplexes containing one terminal pair of bipyridine 
ligands are more stable upon metal binding with Ni2+ and Cu2+ than their non-modified counterparts.147 
The introduction of a ligand pair situated near the centre of a PNA duplex significantly decreased the 
duplex’s stability in contrast to a modification near the end of the duplex.147 Furthermore, the 
stabilization exerted by metal ions on terminally modified duplexes surpassed the stabilization of 
duplexes with a central modification.147 This difference is the consequence of the base pairs at the end 
of the duplex being subject to fraying.147 The metal-ligand bonds reduce the fraying and significantly 
stabilize the duplex.147 However, the incorporation of multiple M2+-bipy moieties in the centre of a PNA 
duplex did not grant greater thermal stability, probably because of electrostatic and steric interactions 
between adjacent, positively charged complexes.147 Moreover, UV titrations showed that the presence of 
several bipy ligands in close proximity to each other in PNA oligomers exerts a chelate effect, which 
favours the formation of complexes in which the metal ion coordinates the maximum number of 
accessible ligands.147 It is noteworthy that the melting temperatures did not change in the presence of 
Pd2+ and Pt2+ salts. The authors postulated that the presence of Cl- anions could have transformed the 
[M(bipy)2]2+ to [M(bipy)2Cl] (M = Pd or Pt).148 
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In the case of 11-containing PNA oligomers, Achim et al. showed by variable-temperature UV-vis 
spectroscopy that, in the presence of Cu2+, duplexes were formed even from 11-containing strands that 
have a large number of mismatches.150 Spectrophotometric titrations demonstrated that, at any 
temperature, one Cu2+ ion binds a pair of 11-containing PNA strands that each contained one 8-
hydroxyquinoline group.150 All together, their results indicated that strong metal-ligand alternative base 
pairs significantly diminish the importance of Watson-Crick base pairing for the formation of a stable 
PNA duplex and led to high mismatch tolerance.150 This principle can be used in the construction of 
hybrid inorganic-nucleic acid nanostructures.150 
In a similar line of thought, Diederichsen, Meyer and coworkers have reported the insertion of two 
successive histidines into the central position of various alanyl-PNA oligomers (alanyl-PNAs).151 Once 
hybridised to a complementary alanyl-PNA strand also containing two successive histidines, they found 
that the addition of Zn2+ significantly enhanced the double-strand stability, thus supporting the 
coordination of Zn2+ by the histidine-N and the incorporation of the metal ion within the base stack.151 
However, in contrast to Zn2+, Cu2+ ions did not induce double-strand formation. The authors suggested 
that this difference could be explained by the different geometric preferences of Zn2+ and Cu2+ upon 
binding to four histidine-N (tetrahedral for Zn2+, square planar for Cu2+).151 
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Figure 14. Hydroxyquinoline- (11), bipyridine-(12), alkyne-(13) and ferrocene-(14) modified PNA 
monomers. 
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Always in view of understanding the role that metal complexes play for modifying the stability of 
PNA•DNA duplexes, our groups investigated in-depth the role of the insertion of either alkyne-(13) or 
“clicked” ferrocene57 (14)- containing PNA monomers into PNA 10mer-sequences on the stability of 
DNA•PNA hybrids (Figure 14, see also the biosensing section for application of ferrocene-PNA 
oligomers).152 It was demonstrated that modification with alkyne- or ferrocene-containing monomers at 
the N- or C-terminus of the PNA sequence did not significantly alter the thermal stability of DNA•PNA 
hybrids. These hybrids were considered to be completely complementary due to their similar melting 
temperatures. This finding showed that the type of modification, namely alkyne- or ferrocene-containing 
PNA sequences, had no influence on the thermal stability of the hybrids. PNA oligomers, which were 
extended with one additional modified monomer in their centre (alkyne and ferrocene monomers) 
hybridised to complementary DNA with melting temperatures (Tms) of about 51 °C. In contrast, DNA 
oligomers, which were extended by an additional thymine in the middle of the sequence, formed even 
more stable hybrids with non-extended PNA sequences. Their Tm was about 61 °C. All together, these 
differences observed in the thermal stabilities suggested the formation of a loop out of the extended 
strand in order to ensure maximal base-pairing in the remaining oligomers (Figure 15). Loop formation 
is energetically easier accommodated in the DNA strand than in the PNA oligomers because of the more 
flexible DNA backbone. The findings described in this study show that organometallics such as 
ferrocene, which are known to be stable, can actually be used to considerably destabilise a DNA•PNA 
hybrid if “clicked” at the middle of a PNA sequence. This observation is of interest for a potential on/off 
antisense/antigene strategy. Furthermore, the presence of a metal within a PNA oligomer enables us to 
quantify its cellular uptake using atomic absorption spectroscopy, as recently demonstrated by our group 
with a cobalt complex attached to different PNA oligomers.153 
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Mokhir, Krämer and coworkers proposed to control the PNA binding to oligonucleotides with 
bioavailable metal ions. Indeed, since the intracellular concentration of free transition metal ions is 
dependent on the cell type,154 metal-responsive PNA•DNA/RNA binding could be employed for 
selective suppression of gene expression in these specific cells.155 For instance, Zn2+ is present at high 
concentration in the brain,156 pancreas157 and in spermatozoa.158 In breast cancer tissues, zinc levels are 
increased by 72%.159 With this in mind, bi- and tri-dentate ligands capable of forming 1:1 complexes 
with Zn2+, Cu2+ and Ni2+ were attached to the N-terminus of PNA oligomers. Thus, the metal complexes 
with these ligands have free coordination sites which can enable direct coordinative interaction of the 
metal ion with N-atoms of DNA nucleosides or O-atoms of phosphodiester groups of the DNA 
backbone.155 They observed that the stability of bis(pyridin-2-ylmethyl)amine (dpa)-PNA conjugates 
and DNA could be significantly modulated by equimolar concentrations of  metal ions with an increase 
of the Tms up to 7°C in the order: Ni2+, Zn2+ > Cu2+. Interestingly, such results were only observed with 
dpa derivatives but not with other ligands such as (2-pyridyl)-4-pyrimidine or (2-pyridyl)-1H-3-
pyrazole. These observations were explained by a possible better stabilisation of the PNA•DNA duplex 
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by Ni2+ and Zn2+ as a consequence of less hindered coordinative interaction of these metal ions with the 
phosphodiester groups of the backbone of the target DNA (see Figure 16a). This assumption was 
reinforced when the authors determined that the Ni2+-induced stabilisation decreased significantly upon 
addition of NaCl, reflecting the relevance of electrostatic interaction for duplex stabilisation.155 In 
another study, the same authors prepared PNAs to which a Zn2+ chelating ligand (dpa and cyclam) was 
conjugated via an aromatic linker, namely an unsymmetrically modified naphthalene diimide 
(NADI).160 NADI intercalates into PNA•DNA duplexes and strongly stabilises them.161, 162 As expected 
for the NADI-Zn(dpa)-containing PNA oligomers, an increase of the duplex stability by cooperative 
binding of NADI (by intercalation) and the metal complex (by metal coordination) occured (Figure 
16b).160 In other words, NADI-PNA and Zn(dpa)-PNA did not bind as strongly to the corresponding 
DNA. They also found that the binding of a cyclam-containing PNA was independent of the Zn2+ 
concentration. This was explained by the fact that cyclam is doubly protonated at pH = 7. Therefore, the 
electrostatic interactions between the negatively charged DNA and the PNA did not change upon 
addition of divalent cations such as Zn2+, leading to very similar Tms.160 
 
Figure 16. a) Proposed approach for metal-binding of Zn-dpa probes to oligonucleotide targets; b) 
Zn2+-dependent binding of PNA probes to target DNA. NADI intercalator is shown as a thick line. 
Adapted and modified from references.155, 160 
 
In order to modulate the thermal stability of PNA•DNA/RNA duplexes, Gasser, Spiccia, Graham and 
co-workers investigated the possibility of using artificial nucleobases.163 In their study, an adenine 
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monomer in a PNA sequence was replaced with a Zn(II)-cyclen.163 Indeed, Zn(II)-cyclen (cyclen = 
1,4,7,10-tetraazacyclododecane) complexes were originally shown by Kimura et al. to strongly bind 
thymidine (dT) in aqueous solution at physiological pH.164, 165 In the 1:1 adducts, the nucleobase binds 
to Zn(II) via the deprotonated imide, and is hydrogen-bonded to the cyclen macrocycle (Figure 17a). 
The authors were hoping that their artificial base would bind a thymine base (or uracil in RNA) of the 
complementary DNA/RNA sequence and hence lead to an increase in the stability of their 
PNA•DNA/RNA duplexes. Furthermore, they postulated that the positive charge brought by the Zn(II) 
ion could lead to an increase of the cellular uptake of the modified PNA, as previously reported by 
Krämer et al. for a PNA Zn(II)-terpyridine conjugate.166 With this in mind, they reported the synthesis 
of a series of cyclen and dpa derivatives, their subsequent attachment to the 5´-amino end of 12-mer 
PNA sequences complementary to the bulge region of the HIV-1 TAR stem loop RNA (Figure 17b).163 
Thermal denaturation experiments were performed with a small oligonucleotide transcript of the TAR 
sequence and some single stranded RNA and DNA oligonucleotides, both in the presence and absence 
of Zn(II) ions. They showed that the introduction of cyclen or dpa ligand arms into the PNA constructs 
leads to a small but reproducible increase in the thermal melting points attributable to hydrogen bonding 
and/or electrostatic interactions between protonated forms of cyclen/dpa and the cognate RNA or DNA 
oligonucleotide target. However, contrary to expectations, the addition of Zn(II) ions did not further 
enhance duplex stability through binding of Zn(II)-cyclen or Zn(II)-dpa moieties to the complementary 
RNA or DNA. A series of native gel-shift assays further confirmed the stability increase of the metal-
free cyclen- and dpa-modified PNA hybrids as compared to a control PNA sequence. 
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Figure 17. a) Comparison of the canonical Watson-Crick A–T pair with the ‘Kimura’ Zn(II)-cyclen–
T pair; b) Design of a Zn(II)-cyclen bearing PNA conjugate targeting a complementary RNA sequence 
within the bulge region of the HIV-1 TAR stem loop; Zn-cyclen (Red) targets a Uracil partner. Adapted 
from reference.163 
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Metal-containing PNAs as oxidative cross-linkers to a DNA target.  
Cross-links are mediated by agents that form covalent bridges between two different positions within a 
DNA/PNA strand (intrastrand cross-link) or within two different DNA/PNA strands (interstrand cross-
link).167, 168 In vivo interstrand cross-links prevent strand separation, leading potentially to inhibition of 
replication and ultimately to cell death. It is noteworthy that nucleobases, which are damaged by 
exogenous agents and which are not repaired efficiently can induce apoptosis. Indeed, the toxic effect of 
many anticancer drugs is based on DNA intra- and interstrand cross-linking (at unspecific sites).167, 168 
To the best of our knowledge, Burrows et al. are the only researchers, who reported an oxidative cross-
linking between a metallopeptide-PNA conjugate and a complementary DNA strand.169 In comparison, 
papers describing interstrand cross-linking between DNA strands are numerous.170-173 In Burrows’ 
work, the cross-linking of a PNA to a DNA was mediated by a Ni(sal-XH) motif (X = primary amine-
containing -amino acid, e.g. arginine), which was conjugated via a glycine to the N-terminus of a PNA 
oligomer (Figure 18).169 While the peptide-PNA fragment was synthesised by standard SPPS protocols, 
the formation of the complete Ni(sal-RH) motif with bis-(salicylaldehyde)nickel(II) could be prepared 
either before or after DNA hybridization. The arginine forms an imine bond with the salicylaldehyde to 
give the planar Ni(II) complex (Schiff-base metallopeptide hybrid).174 The coupling of the phenolic 
oxygen of the salicylaldehyde to DNA was mediated by KHSO5 oxidation via a phenol radical. In this 
case, the role of the PNA was to bring the DNA bases in close proximity to the complex. This close 
proximity enhanced the reactivity of the phenol radical towards cytosine and thymine bases as compared 
to cross-linking of the Ni(sal-RH) motif without the PNA strand, although the guanosine bases remained 
the most reactive species. Further oxidation with piperidine favours strand scission at the sites of cross-
linking. As reported in former studies, the metal complex could be removed by treatment with EDTA 
resulting in the ready hydrolysis of the Schiff base linkage.174 The remaining salicylaldehyde-containing 
DNA strand could be further functionalized (biotinylation, fluorescently labeled or cross-linked to 
peptides and proteins).    
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Figure 18. Ni(sal-ArgHis)Gly-PNA conjugate. 
 
It is noteworthy that interstrand cross-links can also be mediated by photolysis. Hong et al. investigated 
PNA-DNA interstrand cross-linking under oxidative stress and photolysis using phenyl selenide-
modified thymines, which were incorporated into a PNA strand.175 However, in these examples, no 
metals were involved. 
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Electron-transfer within metal-containing PNA. 
Charge transfer through nucleic acids, especially through DNA, has been investigated and intensely 
discussed since the 1960s.176, 177 Charge transport by electron migration in DNA was found to occur 
efficiently even over long distances. By now, focus has shifted to mechanistic considerations. According 
to the distance and sequence between charge donors and acceptors in DNA, two theories have been 
widely accepted.178-180 At short distances, charge is transported by a superexchange or tunnelling 
mechanism in a single coherent jump, in which the rate decreases exponentially with increasing 
distances and is negligible beyond a few nanometers. For longer distances, charge transport is mediated 
in an incoherent hopping mechanism. The distance range is influenced by the kinetics of migration and 
trapping. If the migration rate is fast compared to the trapping rate, the charge transport is more 
efficient. Hole transfer studies of dsDNA revealed that tunnelling occurs between two guanine bases 
with a maximal distance of two AT base pairs from each other. No oxidation of these AT base pairs 
occurs. For three or more AT base pairs between two guanine bases, the mechanism of charge transport 
converts into hopping through the intervening AT base pairs and adenine bases are oxidized.180 The role 
of guanine and adenine in charge transport is due to their low oxidation/ionisation potentials compared 
to cytosine and thymine. Due to this, the migration rate via [A:T] bridges is faster through adenines than 
through thymines. In ferrocene-labeled ssDNA, the sequence and length between donor and acceptor 
plays a minor role in charge transport. Here, the flexibility of the single strand brings electron donor and 
acceptor close to each other. Demaille, Anne and co-workers investigated the behaviour of Fc-carrying 
ssDNA and dsDNA layers.181, 182 In cyclic voltammetry, ssFc-DNA layers are described as diffusionless 
systems with high flexibility and rapid dynamics. After hybridisation, the voltammetric behaviour is 
explained by the so-called elastic bending diffusion model. Here, the motion of the redox moiety results 
from the elastic bending of the double strand toward and away from the electrode surface. This is 
especially true for short C2 anchoring linkers.183 In contrast, Fc-carrying DNA layers, which are 
attached to the electrode via longer C6 anchoring linkers, allow free rotation of double-stranded layers. 
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Thus, charge transfer in Fc-labelled DNA layers is more likely to be mediated via molecular motion 
than within the strand.    
In this context, Achim, Waldeck, Beratan and co-workers investigated the charge transfer occurring in 
PNAs. More precisely, they studied the role of nucleobases and distance dependence on self-assembled 
monolayers (SAMs) on gold surfaces of ferrocene-containing ss and dsPNAs.184-186 For charge transfer 
studies, the tunnelling decay constant was measured in SAMs of PNA sequences with varying 
numbers of thymines (from 3 to 7 thymines) by cyclic voltammetry.186 According to the 
superexchange/tunnelling mechanism, decreases rapidly with increasing PNA length. For more than 7 
thymines, the charge transfer rate is less distance dependent, which is consistent with the hopping 
theory.186 Furthermore, the charge transfer rate is sequence-dependent and was found to be slower for 
ss-Tn-PNA than for ss-An-PNA or than for ds-(A:T)n-PNA. The particular influence of the nucleobases 
in charge transfer for shorter sequences was studied with five different 7-mer PNA sequences containing 
thymines and a single varying central nucleobase (G, A, C, T) or a central methyl group.184 The charge 
transfer rate k0 was the lowest for a central methyl group and increased with decreasing oxidation 
potential of the nucleobases. From theoretical studies, charge transfer was shown to occur by 
superexchange, which is consistent with the observed correlation between charge transfer and oxidation 
potential. It is noteworthy that Carell and co-workers investigated interstrand excess electron transfer in 
PNA•DNA hybrids, which did not contain any metal complexes.187 
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Metal-containing PNAs for DNA-templated metal catalysis. 
In nature, nucleic acid-templated synthesis is the basis of the development, maintenance and 
specialisation of life. Enzymes catalyse the synthesis of DNA duplicates (by DNA-templated 
replication), transport DNA by DNA-templated transcription into RNA and decode the transcripts by 
RNA-templated translation into regulatory, metabolizing or structural proteins. In this context, Orgel et 
al. showed the transition between different genetic systems by the non-enzymatic synthesis of PNA 
from RNA188 and DNA189 templates and vice versa.188, 190 These studies were based on former 
experiments of DNA-templated DNA synthesis191, 192 in chemical replication systems.193, 194 Dervan et 
al. used duplex DNA templates for non-enzymatic ligation of two pyrimidine oligonucleotides in an 
initially formed triple helix.195 For sequence-specific DNA-targeting applications, Seitz et al. ligated 
two PNA fragments on a complementary ssDNA, dsDNA and PNA template.196-198 Ligation selectivity 
was further enhanced by the incorporation of abasic sites (glycine, cysteine) at the ligation site.  
In an approach to catalyse ester hydrolysis, Kraemer, Mokhir and co-workers attached a Cu(II) metal 
complex and the substrate to two different PNA oligomers, which were brought into close proximity at 
the complementary DNA template (Figure 19).199 Elaborate studies were made to optimise the 
hydrolysis reaction. A Cu(II) chelating pyridylpyrazolyl group served as the metal complex. Since this 
ligand forms also stable complexes with Ni(II), Pd(II) and Zn(II), these metal ions were also tested.200 
Nonetheless, Cu(II) was the most efficient metal ion to accelerate the ester hydrolysis (by about 500 
times in comparison with its hydrolysis in the absence of the template). Furthermore, picolyl, N-
methylimidazolyl moieties as well as hydroxyquinoline esterified with benzoic acid were used as 
substrates to investigate the effect of different Cu(II) affinities on the reaction yield and turnover.200, 201 
The length of the linker between the ester group and the PNA oligomer was varied from 0-4 atoms with 
best results observed for a two atom linker, which is explained by an optimal formation of the reactive 
complex between the metal complex and substrate.199, 200 
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Figure 19. Scheme of a complexed Cu(II)-ligand-containing PNA (PNA-LCu) and substrate-containing 
PNA (S-linker-PNA) hybridised to the DNA template. Inset A: DNA-templated, Cu(II)-catalysed ester 
hydrolysis. Figure reproduced with permission of the publisher from ref.200.  
 
Mismatches between the duplexes reduced the cleavage significantly due to the decreased thermal 
stability between the PNA and DNA strands.199 Nevertheless, the exact extent of destabilisation depends 
on the position of the mismatch.200 While a single-mismatch in the substrate-containing PNA•DNA 
duplex led to a 7-fold reduction of hydrolysis, a mismatch in the Cu(II)-ligand-containing PNA•DNA 
duplex avoided hybridisation and stopped hydrolysis almost completely (>102-fold kinetic 
discrimination between DNA that are different from each other at a single nucleotide position).199, 200 In 
comparison, natural enzyme T4 DNA ligase is slightly less selective.200 
On the basis of this reaction, using MALDI-TOF mass spectrometry, Mokhir et al. developed a fully 
homogeneous, sensitive assay for the detection of single nucleotide variations in DNA (10 fmol 
DNA).200 In a follow-up study, a DNA duplex was successfully used as a template for sequence-specific 
ester hydrolysis.202  
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Conclusion and Perspective. 
Since the seminal discovery of Watson and Crick that linked the helical structure of double stranded 
DNA to its function, numerous attempts were made to interfere in a systematic, predictable way with 
this unique biomolecular structure. The aims of such efforts were either directed towards detection of 
DNA sequences or the modification of its function. Many DNA analogues that were designed and tested 
rely on structural motifs that more or less resemble the original phosphate-sugar-nucleobase assembly of 
DNA (or RNA). Peptide nucleic acids (PNA), discovered in 1991 by Buchardt and Nielsen, present a 
rather different structure based on peptide chemistry, combined with nucleobase recognition. While 
PNA offers excellent physicochemical properties, it is still a purely organic molecule and as such, lacks 
properties that would make a PNA oligomer unique in a biological setting. The addition of metal 
complexes offers just that uniqueness to PNA oligomers. Features that are added to PNA oligomers by 
metal complexes include outstanding properties for detection, such as photophysical opportunities, 
radioimaging, or electrochemical DNA biosensors. Furthermore, chemical functionality may be added 
to a PNA oligomer through covalent binding of a metal complex, and such conjugates were designed as 
artificial nucleases or proteases. Finally, the metal complex itself will modify the physicochemical 
properties of the PNA oligomer, e.g. because of its charge or lipophilicity. Such modifications may be 
systematically employed for improved or directed cellular uptake of PNA oligomers, to influence 
duplex stability of PNA•DNA duplices, or to probe DNA or RNA structure.  
The above article presents examples for all of the above. The chemical requirements are fairly well 
understood by now. This extends in particular to the linking of the metal complex to PNA oligomers, 
which can be performed during the solid phase synthesis cycle of the PNA oligomer, or after cleavage 
and purification of the PNA oligomer in solution (as, for instance, is mandatory for labelling with 
radiotracers). More recently, bioconjugation techniques such as “click” chemistry have been 
successfully employed for this purpose. Having established such a toolbox for the synthesis of metal-
PNA bioconjugates, there is now ample opportunity for their use in biological studies. Whilst several 
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groups are already actively engaged in the field, there is still plenty of room for original ideas and novel 
approaches. Given the large number and diverse properties of metal complexes, we can certainly expect 
exciting developments in the area of metal-PNA conjugates in the near future. 
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